Innovations in semiconductor technology have provided us with an opportunity to examine devices with vertical and lateral dimensions less than 100 nm-comparable to the wavelength of the electron at the Fermi energy. At low temperature, the confinement and the coherence of the electronic motion on the scale of the electron wavelength give rise to gross deviations from classical charge transport that describes the resistance found in large conventional devices. For example, the low temperature electrical resistance of a high mobility, semiconducting wire 100-nm wide, IO-nm thick, and 200-nm long is nonlinear; it does not scale with length; it can be quantized as a function of the width and charge, it depends on the configuration used to measure it; and it is nonlocal, i.e., the current at one point in the wire depends not only on the electric field at that point, but on electric fields micrometers away.
I. INTRODUCTION
In pursuit of higher density and faster integrated circuits, the physical dimensions of individual electronic devices, i.e., metal-oxide-semiconductor field effect transistors (MOSFET's) and the interconnections between transistors, have plummeted. For example, in 1958 [1], the first integrated circuit was produced at Texas Instruments. It was made from one transistor, three resistors, and a capacitor and was about 1-cm long and 0.5-cm wide. In 1969, Intel manufactured a random access memory (RAM) with 256 b of memory and about lo3 components using a 12-pm design rule in about the same area. By 1990, Hitachi had announced the prototype of a 64-Mb RAM with about 108 components manufactured with electron beam lithography using a 300-nm design rule in = l cm'. There are alternative ways to improve performance without reducing the dimensions of individual electronic devices. For example, three-dimensional integration [2] , [3] has been used to increase density, and special purpose chips have been used to improve the speed of a particular computation like convolution [4] . Despite these alternatives, reducing the physical dimensions of a device in an integrated circuit still represents the most practical means to improve general performance. The advent of high throughput X-ray [SI- [9] , and electron beam lithographies [lo] , [11] suggests that this will be the case even beyond 300-nm design rules.
Eventually, practical, economical, and physical [ 121 - [ 151 limitations will conspire to arrest the decrease in physical dimensions of devices within an integrated circuit. The diminution of integrated circuits achieved so far has been feasible because of the possibility for compromise within the design rules for an MOS circuit between different limitations imposed by fabrication, circuit design, performance, and reliability [16] . The problem, that will ultimately check our ability to compromise between fabrication, design, and reliability, can be represented succinctly as follows: We do not yet possess a transparent, analytical solution of the equations that describe how a MOSFET works [16] - [18] .
The equations that describe the operation of a MOSFET are Poisson's equation, and the constitutive and continuity equations for the current density. These equations treat the MOSFET from a classical perspective; i.e., the charge carriers are treated like billiard balls, and averages over the velocities are used to predict the transport coefficients. So far, the principle of scaling [19] , [20] the equations governing the operation of a MOSFET has provided a guide for the accommodation of reduced design rules within existing designs. For example, if the electric field is supposed to be constant, then scaling down the size of a MOSFET means a proportional reduction of the horizontal and vertical device dimensions, lithography patterns, and the supply voltage [19] - [22] .
Scaling is not always successful, however [23] - [28] . There are at least three lengths that infringe on the scaling of a MOSFET to a channel length [29] , [30] of L , f f = 100 nm or less: 1) the oxide thickness, toz: 2) the junction depth, r J : and 3) the depletion width, W D . Short channel effects are minimized if the oxide is thin, the junction depth is shallow, and the depletion width is small. For example, electrostatic scaling, where the supply voltage, V~D , is permitted to scale differently than the lateral dimensions, suggests that to, = 3 nm. r3 = 30 nm. and WD = 35 nm, if 0018-921919110800-1188$01.00 0 1991 IEEE L e f f = 100 nm [25] . In practice, however, a to, = 3 nrri is used either to prevent dielectric breakdown (with electric fields F FZ lo7 V/cm) or tunneling. With a refractory gate material like MO or W or boron-doped poly-Si, tunneling can be precluded only as long as to, 2 4 nm and V D~ 5 1 V, and even then the reliability of the oxide is dubious because of hot carrier effects [31] . Furthermore, a junction depth greater than 30 nm will probably be used to avoid large parasitic resistances [32] , (331. Finally, the doping dependence is measured by the depletion width in as much as W, is proportional to the Debye length. The substrate doping is usually chosen to prevent bulk punchthrough (i.e., an overlap between source and drain depletion regions), but there is an upper limit to acceptor dopant concentration at n, = 2 x lo1' cm-3 that is determined by the dielectric breakdown of the oxide. At a higher concentration, a breakdown voltage on an oxide 4-nm thick cannot invert the Si-Si02 interface. At this concentration, the effect of a statistical fluctuations in the impurity concentration will effect the threshold of a MOSFET made with 100-nm design rules and so affect yield.
Beyond scaling, it is necessary to resort to experimental and numerical analysis to evaluate the performance of a device or integrated circuit. Recently, innovations in semiconductor materials and device fabrication have provided us with an opportunity to measure and numerically analyze devices and wires with 100-nm features or smaller [34] . Using molecular beam epitaxy in conjunction with high resolution electron beam lithography, devices with dimensions shorter than the electronic mean free path (% 1-10 pm) with a width and thickness comparable to the Fermi wavelength of the electron (~5 0 nm) were made. At low temperature (T < 4 K). the coherence, and confinement of an electron, and discreteness of the electronic charge give rise to gross deviations from semiclassical charge transport used to describe the resistance of large devices [35] , [36] . For example, the low temperature electrical resistance of a high mobility, semiconducting wire 100-nm wide, IO-nm thick, and 200-nm long is nonlinear 1371, [38] ; it does not scale with length [39] , [40] ; it can be quantized as a function of the width and charge [41]- [44] , it depends on the configuration used to measure it, [45] , [46] , and it is nonlocal [47] , i.e., the current at one point in the wire depends not only on the electric field at that point, but on electric fields micrometers away. Classical models for the resistance cannot account for these peculiarities, and so the scaling methodology fails. When a wire is so narrow that the width and thickness are comparable to the wavelength of an electron at the Fermi energy and the length is less than the elastic mean free path and the phase coherence length, then the electronic motion is coherent and the energy and momenta are quantized; therefore, the average velocity is not an appropriate basis for the description of the resistance. Instead, the resistance has a quantum mechanical aspect. We find that there are three new lengths, derived from a quantum mechanical interpretation of the resistance, that are expected to further frustrate the scaling of MOSFET below 100 nm: 1) the electron wavelength, given by XF = 35. 45 (1012/N,) 1'2(v/2)"2 where N , is the sheet density in the inversion layer and v is the valley degeneracy; 2) the elastic mean free path, defined by the quotient of the Fermi velocity and the electron lifetime,' Le = vp/r,; and 3) the phase coherence length of the electron, defined by the quotient of the Fermi velocity and the inelastic scattering time, L4 = v F / r 4 . The electron wavelength XF % 10-100 nm represents the minimum width to and thickness of an inversion layer, which ultimately infringes on device performance through a lower bound on the capacitance and on a large parasitic contact resistance limiting the transconductance [48] . The low temperature elastic mean free path, L e , is the distance an electron wave propagates before it scatters in a phase deterministic way; devices shorter than this are ballistic. Le % 1-10 pm in a modulation doped GaAs/AlGaAs heterostructure at a temperature of 1 K, while Le = 100 nm in a Si-MOSFET at low temperature. L d is the distance an electron wave propagates before it loses phase information. Phase coherent electronic transport is possible whenever the wire is shorter than the inelastic scattering length, whether or not there is elastic scattering [49] . Also, even if the device is larger than L4, phase coherent effects decay only algebraically with L 4 / L [49] . At low temperature, L , > 10 pm in a GaAs/AlGaAs heterostructure, while at room temperature L, E 10 nm.
It has already been shown that to describe the operation of a MOSFET at room temperature it is necessary to account for the effects of the band dispersion of the semiconductor [SO] and the quantization in the inversion layer into two-dimensional subbands, associated with vertical confinement of the electron gas at the Si-Si02 interface, on the density of states and the scattering in the conducting channel [51] - [55] . This article goes beyond these examples to explore some of the effects of lateral confinement, coherence, and charge quantization on transport in devices with very small dimensions [56] . Instead of a Si MOSFET, we investigate a split-gate modulationdoped GaAs FET (MODFET), where currently available technology makes these studies possible, and then examine the implications for Si technology. Specifically, we use a narrow, short constriction in the two-dimensional electron gas (2-DEG) controlled by the split-gate in the MODFET as a vehicle for our exploration of the quantum mechanical aspects of transport. Like a MOSFET, the MODFET is a charge control device, but the quantum mechanical aspects of the transport are exaggerated in a GaAs MODFET because of the light effective mass of GaAs ( m * / m z 0.07) and the long mean free path. The split-gate geometry permits the channel width to be changed easily so that a variety of experimental geometries can be realized. Moreover, the measurements are performed at low temperature ( T 100 mK-4 K) and low electric fields ( F < 1 kV/crn) to facilitate the interpretation and compar- ' The electron lifetime is related to the time between momentum altering collisions.
TIMP AND HOWARD: ASPECTS OF TRANSPORT IN NANOELECTRONICS

I'
ison with numerical analyses accomplished using theories based on linear response at T = 0 K.
We examine three spectacular examples of the quantum mechanical nature of the resistance of a split-gate MOD-FET, that are not accounted for in conventional classical models of a FET, and yet may influence device speed, noise performance and device isolation. First, we examine the resistance of a variable-width constriction in a high mobility 2-DEG about 500-nm long. The electrons are already vertically confined within ~1 0 nm of the AlGaAs/GaAs interface by the normal electric field (lo5 V/cm) and so are dynamically two dimensional with only one twodimensional subband occupied. The 2-DEG has high mobility because the dopant impurity layer is set back typically 20-100 nm from the AlCaAs/GaAs interface. A dynamically one-dimensional variable-width channel shorter than the electronic mean free path is made by using the split-gate to deplete a portion of the 2-DEC. Near threshold, we find that the conductance as a function of the width of the constriction is quantized in steps of 2e2/h = 77.48 pmho under certain conditions, where e is the electronic charge and h is Planck's constant [41] , [42] . Theoretically, the resistance of a short constriction should vanish because there is no scattering in the channel [57] - [59] . The quantized resistance, found experimentally as a function of gate voltage, is interpreted as a contact resistance due to the depopulation of one-dimensional subbands in the constriction as a function of the width measured relative to the Fermi wavelength of the electron. This "parasitic" universal contact resistance completely determines the performance of the device, and has a number of implications. For example, it is detrimental to the speed of a device. Even though the electron velocity in the conducting channel is equal to the Fermi velocity and the transit time across the channel may be shorter than ~i z 1 ps because of its short length [60] - [62] , the calculated product of the contact resistance and the parasitic junction capacitance yields a gate-delay of T~ z 14 ps, comparable to the delay of (7, z 17 ps) [63] measured in a conventional L , f f = 300 nm FET.
Another example of the quantum mechanical nature of the resistance is the inhibition of a random telegraph signal (RTS) in a one-dimensional constriction. A n RTS is a discrete modulation of the channel conductance as a function of time due to the change in the scattering potential of a single defect in close proximity to the electron gas in a FET. RTS has a ruinous effect on submicron semiconductor electronics, [64] - [67] , because it represents a time-dependent change in the threshold voltage. RTS is prevalent in the drain-source conductance of small area ( 5 1 pm2) FET's near threshold; it has been observed at room temperature; and it is supposed to be a constituent of ( l / f ) noise found in large devices [68] . RTS is inhibited in a narrow constriction in a 2-DEG when an integral number of one-dimensional subbands are occupied, i.e., on a quantized plateau in the resistance, which implies that ( l / f ) noise can be suppressed on a plateau, as well. It is inhibited because impurity scattering is generally suppressed when a one-dimensional subband is fully occupied [69] . The suppression of impurity scattering is important because vertical scaling requires an increase in the channel doping which exacerbates scattering.
The last example of quantum mechanics we consider involves an implementation of a primitive integrated circuit* [70] : We examine the resistance of two constrictions cascaded in series. According to our interpretation, a nonequilibrium distribution of the current among the one-dimensional subbands in this implementation results from the coherent scattering between the constrictions. If an electron wave propagates coherently into another constriction, that constriction affects the resistance even if there is no net current in the constriction. Equilibrium is only established in the large contacts to the constrictions where the current is applied and the voltage is measured. The nonequilibrium distribution of the current is manifested in the observations of zero resistance, and negative resistance that are shown to develop from the characteristic way an electron wave propagates around a bend. Thus the deleterious effects of a universal contact resistance can be avoided, but not in equilibrium. Moreover, the coherence of the electron wave affects the isolation that can be achieved between adjacent devices. We show that in the absence of equilibrium two classically interconnected wires can be effectively electrically isolated. This observation represents a novel scheme for electrical isolation in a high density integrated circuit.
In conclusion, we consider the temperature and electric field ranges where quantum mechanical effects are manifested in the transport, and speculate about the conditions in which parasitic quantum mechanical effects might be found in a conventional device. Although the quantum mechanical effects are exaggerated in the charge control devices we examine here [71] , they may have still play an important role in a 100-nm Si device at 77 K, and represent limiting behavior as dimensions approach 10 nm in Si devices. For example, this work may have an affect on transport through thin, 3-nm, oxides, or on the transport near the source contact of a conventional short channel FET [72] .
THE CONTACT RESISTANCE OF A CONSTRICTION IN A 2-DEG
A. Observation of a Quantized Conductance
The channel impedance of a MOSFET is in series with three parasitic resistances: 1) the metal to silicon contact resistance; 2) the source/drain sheet resistance; 3) and the spreading resistance or contact resistance between the semiconductor contact and the inversion layer. Until recently, these parasitic resistances were minor components of the impedance of a MOSFET, but scaling changed that because it decreased the channel resistance. Now, a frenzy of activity has developed around attempts to minimize the channel resistance and the parasitic resistances *In the limit of very dense circuits, power performance and density may be determined entirely by the wires. See [70] .
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concomitantly to improve performance. Ultimately, if the length of the channel becomes much shorter than the mean free path, we expect the channel resistance to vanish because of the lack of scattering, and so we expect the parasitic resistances to determine completely the speed of a device.
To illustrate explicitly the effects of quantum mechanics on transport, we have examined the conductance of a single short one-dimensional constriction in a high mobility 2-DEG comparable in width and thickness to XF. To make a constriction in a 2-DEG, we have used the electrostatic potential provided by a Schottky split-gate geometry to constrain laterally the electron gas to the region within the gap between the gates (see Fig. 1 ) [73] . The fabrication procedures are described in detail elsewhere [47] . By applying a negative voltage to the split-gates, the 2-DEG gas at the AlGaAs/GaAs interface immediately beneath the gate electrodes is depleted and so the 2-DEG is laterally constrained within the gap between the electrodes. The electrostatic potential due to split-gate electrodes, not accounting for the &doped impurity layer or the charge density associated with the 2-DEG or the dielectric constant, is represented in Fig. 2.3 The two salient features of the electrostatic confinement potential are the smooth taper from the 2-DEG to the one-dimensional constriction, and the potential barrier between the constriction and the 2-DEG along the z axis. The contact to the 2-DEG is not abrupt because the constriction is formed by depletion using gate electrodes that are between 60-200 nm away from the 2-DEG depending on the bias voltage. A self-consistent calculation of the potential produces a smooth taper even if there are imperfections in the gate electrodes for this reason [74] . The potential is relatively flat near the center of the constriction, but rises abruptly near the edges. When the gate voltage is large and negative, the constriction gradually widens to the two-dimensional contact over approximately 250 nm which is about 5-10 XF. Since we assume that the Fermi energy is constant throughout the device, the higher potential within the constriction means that the carrier density is lower there. Figure 3 shows the two terminal resistances (conductances), R I~, J~( G I~, I~) , as a function of the applied gate voltage that we found in devices like that shown schematically in Fig. 1. (The gate voltage is applied between the split-gate electrodes and a grounded contact to the 2-DEG). The notation R c~,~~ E l / G~l ,~~ denotes a measurement in which there is a positive current from lead k to 1. conducts, and so we estimate the length of the constriction to be less than 500 nm in Fig. 3(a) ; much less than the mean free path deduced from the mobility of the 2-DEG. Since the 300-nm gap in each device pinches off for large negative gate voltages, the depletion around the gate must be less than 150 nm under conditions where the constriction
B. The Landauer Formula
A submicron constriction in a 2-DEG is reminiscent of an electron waveguide. An electron waveguide is a wire that is so clean and so small that electron waves can propagate coherently in guided modes or one-dimensional subbands, that are characteristic of the geometry, with minimal scattering. An electron waveguide is supposed to be like an optical or microwave waveguide, but unlike an electromagnetic wave, an electron wave is sensitive to an applied electric or magnetic field because it possesses a charge. In response to an applied electric field (or to an applied current), an electron waveguide has a resistance that is related to the quantum mechanical transmission through the wire [75] , [76] . but if the transmission through the constriction is perfect we expect the resistance to vanish.
The resistance measured in the constriction is due to the redistribution of the current among the electronic states in the wide two-dimensional contact and the one-dimensional constriction; i.e., R12.12 is a parasitic contact resistance between the 2-DEG and the one-dimensional constriction. The quantization of the two terminal resistance of a onedimensional constriction was not anticipated theoretically because it was widely held that the nature of the contact, used to measure the resistance of the constriction, was not ideal. While Imry [59] observed that, theoretically, the two terminal conductance is a quantized function of the number of occupied one-dimensional subbands, he concluded that fluctuations of magnitude e2/h in the measured potential due to scattering at the contacts would obscure the effect. Subsequently, Glazman et al. [77] demonstrated that the conductance of a constriction measured between two semiinfinite contacts could be quantized provided that: 1) the contacts are adiabatically tapered to match the constriction; and 2) the constriction is both short enough to be ballistic and long enough to prevent evanescent modes from carrying appreciable current.
In a conventional two terminal measurement, two wider conductors contact each end of a constriction. If the contacts are wide enough, they become reservoirs in which the electronic motion approaches thermal equilibrium. Each contact can then be characterized by chemical potentials p1 and p2. When pl > p2, there is a net current through the constriction. Generally, only a fraction of the flux incident in a particular subband (j) is transmitted through the constriction, i.e., excess electrons in the constriction and the velocity of the electrons. In one-dimensional, the density of states is inversely proportional to the velocity and so, I, = (2e/h) t j k A p . Summing the contributions from each of the subbands gives the total current, and since the voltage difference between the wide reservoirs is V = A p / e , the two terminal conductance is: This is the Landauer formula for the two terminal conductance [78] . It is directly related to the Kubo formula for the conductance [57] . From Landauer's perspective the resistance develops from changes in quantum mechanical transmission probabilities. The dissipation associated with resistance occurs in the reservoirs that are in thermal equilibrium and separate from the wire. (We might anticipate that dissipation will occur continuously throughout the constriction. The connection between Landauer's perspective and reality has been reinforced recently by experiments on the quantum Hall effect [79] and by experiments from IBM [80] .)
If there is no scattering (i.e., t,, = &,), then the current injected into subband j is I, = (2e/h)Ap, independent of the specific one-dimensional subband under consideration, and so the total current is I = N(2e/h)ApL.The two terminal conductance of constriction with N occupied subbands is then:
exactly. Thus ideally the two terminal conductance is a quantized function that measures the number of occupied one-dimensional subbands. The correspondence between (2) and the data of Fig. 3 is surprising because to obtain (2) it is assumed that: 1) T = 0; and 2) the transmission through the contacts into the constriction and through the constriction is perfect. The correspondence implies that the resistance of the constriction, minus the contact resistance, nearly vanishes. Moreover, the observation of an accurately quantized two terminal conductance implies: 1) that the energy separation between subbands is much larger than 0.1 meV:
2) that the constriction is ballistic for L = 200 nm; and 3) that the reflections associated with contacts to the constriction are negligible.
While phenomenologically the two-dimensional contacts to the ballistic constriction appear ideal because the resistance is quantized; it is not necessarily so that there is no scattering at the contacts. Because of depletion, the onedimensional constriction gradually widens to embrace the two-dimensional contact as shown in Fig. 2 . Glazman et al. [77] first appreciated this and developed an adiabatic model for conductance of a constriction that relies on a gradual taper from the one-dimensional constriction to the two-dimensional contact. Following Glazman [77] , we imagine an electron waveguide with a width that is a function of the longitudinal position, i.e., W ( x ) , yielding an adiabatically smooth constriction of width W, tapering from a width W f . If the variation along z is slow, the Hamiltonian separates into terms in the longitudinal variable, z and the variable y. The y-dependents part of the Hamiltonian is the hard wall problem with solution: Actually, it is unlikely that the constriction is entirely adiabatic; Fig. 2 shows that it is not. But it is not necessary that the taper be completely adiabatic for accurate quantization, rather it is sufficient that the adiabaticity holds only up to a certain width beyond which reflections occur, or that the reflections that do occur are small [81] - [83] . As Szafer and Stone [84] have shown, the resistance may be well quantized even if there are reflections in the neighborhood of the contacts.
C. Limitations of the Performance
One important implication of the universal h/2e2 N contact resistance is a poor gate-delay performance of a narrow FET. Charge transport through a constriction occurs at the Fermi velocity. Because it is so short, a typical transit time across the length of the constriction can be comparable to or less than rz zz Ips for electric fields F < 100 V/cm.
But the intrinsic speed, associated with ballistic transport in a single one-dimensional subband, is entirely offset by the contact resistance and the junction capacitance in a practical device. Realistically, the speed of a device will probably be determined by the time it takes a transistor to charge the gate of another identical transistor. That time constant will be dominated by the product of the channel resistance and the gate to channel capacitance including parasitics. If the channel is defined by a narrow one-dimensional inversion layer beneath a single self-aligned gate electrode, then the channel resistance will be determined predominately by the contact resistance to the channel, R,, which is h/2e2 if only one-dimensional subband is occupied.
Ideally, the gate to channel capacitance in such a transistor is approximately [85] (3)
where A is the area of the gate, C; is the capacitance of the insulator, y is a constant of the order of unity, z, is the average position of the electron wavefunction from the insulator/semiconductor interface, E, is the permittivity of the semiconductor, and g ( p ) is the density of states. The last term represents a quantum mechanical contribution to the capacitance, in series with the capacitance of the inversion layer and the insulator. Typically, C, < 10aF. However, for practical values of the doping and insulator thickness, C, is dominated by parasitic junction and line capacities [63] . In particular, the junction capacitance is the reason the speed of a conventional circuit does not improve as (The line capacity should be at least this large, as well [86] .) SO r, Therefore, the performance of a single one-dimensional constriction is dominated by parasitic components, R, and C,, and is comparable to the gate delay found in a 300-nm gate length GaAs (metal semiconductor field effect transistor) (MESFET), i.e., rg = 17ps [63] . While this assessment of the performance may be pessimistic because we have assumed that only a single constriction [87] , with one occupied subband, carries the current, it nevertheless illustrates dramatically the severe limitations imposed by the "parasitic" components of a very small device.
R,C, = 25ps >> rz.
INHIBITION OF A RANDOM TELEGRAPH SIGNAL
A. Universal Conductance Fluctuations and the Eflect of a Single Defect
As the active area of a device becomes smaller, transport characteristics, such as the threshold voltage, the channel resistance, and punch-through voltages, become sensitive to statistical variations in the doping density. These variations will eventually affect yield too. It is feasible that variations in the disposition of a single impurity could change the conductance by e2/h. The probability of such an event is determined by the ratio of SG1 and e2/h. According to our interpretation, Fig. 4 illustrates the extreme sensitivity of the coherent conductance of a short one-dimensional constriction, where L, z L , to a single scatterer. Moreover, Fig. 4 illustrates that the effect of impurity scattering can be nullified in a one-dimensional constriction without eliminating the impurities all together [24] . Figure 4 shows the four terminal conductance G12,43 found when electrode pairs A-C of the device shown in Fig. 5 are used to define a constriction. Figure 5 shows an electron micrograph of a device comprised of two sets of split-gate electrodes in series; each set of electrodes is 200-nm long with a gap of 300 nm between the electrodes. The two sets are separated by 300 nm to make the device symmetric. Associated with each port of the device there are contacts to the 2-DEG that are not shown. The convention for numbering the contacts is given in the figure. (Note that, using this measurement scheme there is no series resistance when V , = Vc = 0 V.)
The depletion of the 2-DEG immediately beneath the gate electrodes A-C in the device of From Fig. 4 we deduce that in a channel z100-nm wide, a single defect gives rise to an uncertainty in the threshold voltage of about 50 mV at T = 300 mK.
In stark contrast with the results obtained near the threshold for a step, RTS is completely inhibited at the center of the N = 1.2,3. and 4 plateaus in the conductance. As shown in Fig. 4 for the N = 1 and N = 2 plateaus, when Fig. 6 . A schematic representation of the Fermi surface of a narrow constriction in a 2-DEG. The circle represents the Fermi surface of a 2-DEG in reciprocal space; the horizontal lines reflect the allowed transverse wavevectors in the one-dimensional constriction. Current is applied along the k , direction. Two scattering events occurring at the Fermi energy are depicted in the figure. In the first (unlikely) event k,l associated with an occupied subband is scattered through a large angle 0 to k f l , resulting in the deterioration of the quantization. In the second more probable event, kt2 is backscattered through a small angle <60° to k f 2 . and the quantization deteriorates.
V, = VA = V , = -2.163 V and -2.037 V, the value of G12,43 is approximately 2e2/h and 4e2/h independent of time.
The inhibition of noise on a plateau in the conductance of a constriction was anticipated theoretically by Lesovik [92] , [93] . Lesovik showed that the low frequency noise power measured in a one-dimensional constriction with adiabatically tapered contacts is:
where V denotes the applied voltage. Therefore, excess noise vanishes on a plateau in the conductance because tjk = 6jk. The noise vanishes because there is no scattering.
Lesovik (and a recent generalization [94] of Lesovik's work by Biittiker) treats noise generated in the contacts. However, the changes in the scattering potential indicated by RTS are probably indicative of noise originating within the device [95] , [96] . The transmission probability, t j k , through a coherent device is affected by both elastic and inelastic scattering. Elastic scattering, such as might occur at an impurity changes the distribution of the electrons between the one-dimensional subbands in the constriction. If a defect in the constriction backscatters or reflects an electron from the constriction [97] , then the transmission probabilities, tjj, become less than unity; the conductance is reduced from the quantized value, and RTS can be observed. Figure 6 shows the two scattering events that lower the transmission probability through the constriction: 1) a large angle backscattering event away from threshold, and 2) a small angle backscattering event near threshold for occupation of a subband. As illustrated by Fig. 6 , the quantization is sensitive to small angle scattering only near the threshold. Small angle scattering is prevalent in modulation-doped GaAs/AlGaAs heterostructures [98] . .
I ' [99] , and it is especially deleterious to the quantization of the resistance when N is large because many subbands are available within a small angle, 0. (It does not always destroy quantization, however. Since the quantization is determined by a sum over the transmission probabilities associated with all of the subbands in the constriction, it can be resilient with respect to small angle scattering provided the scattering only changes the distribution of the current among the subbands in the constriction.) We presume that scattering at the AlGaAs/GaAs interface is dominated by scattering from intentionally-doped, ionized impurities in the 6-doped layer. The two dimensional Fourier components at the AlGaAs/GaAs interface of the interaction between a Coulombic ion potential in the 6-doped layer and an electron in the 2-DEG are: (27rQ)-l cxp (-QIzol). where Q = IC -IC' is the transfer momentum, i.e., Q2 = 2k2(1 -C O S O ) . and z, is the thickness of the AlGaAs spacer. Thus the Fourier components are exponentially small when IQ/ > l/z, [loo] . If an impurity in the 6-doped layer gives rise to a potential fluctuation at the AlGaAsiGaAs interface responsible for the RTS, then large angle backscattering from the potential fluctuation is improbable because the fluctuation only has spatial frequencies less than z ; l = (1/42 nm)-'. However, small angle backscattering from a potential fluctuation is not only possible, but likely in GaAs [99] and could destroy the quantization near the threshold for occupation of the highest index subband. If an electron is reflected through a small angle, the change in the conductance associated with the reflection is constrained by unitarity to be less than 2 e 2 / h because the transmission probability associated with the one-dimensional subband will either be 0 or 1 [59] . Thus the amplitude of the RTS must be less than 2e2/h. Away from threshold, the spatial frequencies required to backscatter an electron in the highest subband are not available since the potential is too smooth. Consequently, scattering is suppressed and RTS is inhibited.
From another perspective [ 1011, the transport through the constriction is nonadiabatic near threshold because the wavelength is long relative to the potential fluctuations. Consequently, the conductance is not quantized [77] . But when the subband is completely occupied, the wavelength becomes short relative to the potential fluctuations; the transport is adiabatic and the conductance is quantized.
We contend that the defect associated with the RTS is near the constriction, somewhere in the gap between the electrodes A-C and B-D, because it is observed when the pairs A-C or B-D are biased independently or all together. (RTS is not observed when the pairs A-B, B-C, C-D, orA-D are biased, but the \; used is a factor of two smaller than that used to bias the A-C pair. No RTS is observed when A -C is biased at such low V,.) Furthermore, we contend that a defect in the AlGaAs, setback from the constriction, gives rise to the scattering since the RTS depends on V, as shown in Fig. 4 , and is suppressed when an integral number of onedimensional subbands are occupied independent of the lateral position of the constriction with the gap between A-C. In an attempt to ascertain the position of the defect, we laterally changed the position of the constriction within the gap between A-C by independently biasing the split-gates. Independent control of the electrodes provides the opportunity to laterally change the position of the constriction while maintaining the same number of one-dimensional subbands [102] . For a split-gate configuration similar to comparable to the spacer layer thickness. This estimate is also consistent with that obtained using the gate voltage dependence of the carrier trapping times [66] , [67] . Our data is consistent with an impurity in the AlGaAs layer switching (but it is not inconsistent with an impurity deep in the GaAs layer switching either). If the RTS found as a function of AV is all due to the sample trap, that trap affects a region that is comparable to the size of the gap. This deduction is consistent with the long range effect that a poorly screened impurity potential in the doped layer would have at the AlGaAs/GaAs interface [loo] ,
[ 1031. Alternatively, if different traps are activated with each AV, the relevant trap must still be set back from the constriction into the AlGaAs because RTS is always suppressed whenever an integral number of subbands is occupied.
The effect of impurity scattering is aggravated by shortening the gate lengths in a conventional device because in a scaled design the channel doping concentration increases. The inhibition of RTS demonstrates that small angle impurity scattering can be suppressed for kr > l/z, in a short constriction. Scattering is suppressed because the quantization of the transverse momenta due to the confinement within the constriction permits scattering only through certain discrete angles in the constriction, not through the continuum of angles available from the impurities. There are other ways to reduce impurity scattering. For example, impurity scattering could also be suppressed in a 2-DEG much larger than the electron wavelength by producing a regular array of impurities in a 6-doped layer setback from the inversion layer at semiconductor/insulator interface. In this case, scattering would be suppressed because only certain momenta components of the impurity potential are available for scattering in the continuum of initial and final states at the Fermi energy in a 2-DEG. Alternatively, impurities could be eliminated all together [24] .
So far, the advantages of reduced scattering and the corresponding enhancement of the mobility, available even in a conventional modulation doped heterostructure have not been avidly pursued, however [ 1041. (In particular, in GaAs MESFET's, which are the fastest semiconductor devices and dominate microwave applications, the transport occurs in a heavily doped channel.) The suppression of scattering, that can be achieved by using a one-dimensional constriction, for example, is advantageous only if impurity scattering in the channel degrades the speed of the device, i.e., if parasitic effects do not dominate device performance. The inhibition of RTS in a constriction also implies a reduction in ( l / f ) noise levels and increased flexibility in the noise margin in a one-dimensional constriction. This advantage could become important for low temperature (T = 77 K) operation where the effect of coherent noise increases because of a concomitant increase in Lm.
B. The Effect of Coherent Impurity Scattering on a Long Constriction.
Although impurity scattering affects the conductance at the threshold for the occupation of a one-dimensional subband, UCF is not observed on the plateaus in the conductance because impurity scattering is completely suppressed there. However, the effect of spatial variations in the potential at the semiconductoriinsulator interface due to fluctuations in the doping density in the 6-doped layer of the MODFET are manifested in the transport as UCF when the constriction becomes longer and satisfies the criterion According to Glazman, the accuracy of quantization in an adiabatic model is an exponential function of the length of the constriction, i.e., t
(~) = [ I + exp ( -E / A E ) ]
W is minimum width of the constriction and R is the radius of curvature associated with the taper. Therefore, an exponential improvement in the quantization is expected with increasing length due to the decay of the current carried by evanescent modes. However, we find that, as the length of the constriction increases, the quantization deteriorates. Figure 3( b) shows the resistance and conductance determined as above for a constriction with gate electrodes of length L = 600 nm, spaced with a 300-nm gap on the same two heterostructures. For this geometry, the length of the constriction is estimated to be less than 900 nm which is still a factor of eight less than the mean free path estimated from the two-dimensional mobility and carrier density, yet the quantization has deteriorated dramatically from that shown in Fig. 3(a) . While quantization of the resistance is still apparent in the higher mobility device represented in the top of Fig. 3(b) , the accuracy of the quantization is only about 90% for the first three steps with no quantization observed for higher N . We attribute the deterioration of the quantization in the long constrictions to disorder or impurity scattering within the constriction [97] , [105] , [106] . Figure 8 shows the complete deterioration of the quantization of the resistance that can be observed in a longer constriction, and the development of UCF. Figure 8(a) represents the well quantized contact resistance found in a constriction 200-nm long in a heterostructure with L, = 7 pi11 and p = 87 m2/V . s. In contrast, Fig. 8(b) shows the same measurement in a constriction 600-nm long. The Le < L < Lo. ( G l l 1 2 ) . of a constriction in a 2-DEG as a function of gate voltage, 1; . obtained at 280 mK for a heterostructure with a mean free path, estimated from the mobility, of about 7 p r u . In this case the carrier density is higher than that of Fig. 3 but the mobility is lower. In (a), the split-gate is 200-nm long with a 300-nm gap between the electrodes. (a) shows that the conductance, G I 1.11. is quantized in steps of 2rL / h as a function of I b. In (b), the split-gate electrodes are 600-nm long with a 3OO-nm gap between electrodes and the quantization of the conductance has completely deteriorated; only UCF fluctuations are observed. While it is widely used as an estimate for the mean free path and a measure of the extent of impurity scattering, L,.
inferred from the mobility of the 2-DEG is not necessarily an appropriate estimate for the elastic scattering length in the constriction, especially for gate voltages near pinch-off. For example, a quantized conductance has been observed in constrictions with a gate length of 200 nm with a 2-DEG density of n = 8 x 10'' IIi-' where L,, % 450 I~I is comparable to the length of the constriction [107] . Impurities beneath the gate will be screened by the metal electrodes, but the impurities in the gap between the electrodes in a split-gate MODFET are not. The top of Fig. 9 shows the calculated electron density in the 2-DEG for a 1.5-pm square around idealized point contacts corresponding to the heterostructure and geometry of the devices of Fig. 3 including the effect of the impurities in the h-doped layer. The smooth contours shown in Fig. 2 , due to the electrostatic potential of the gate electrodes, are grossly distorted by the remoted ionized impurity layer. The distortions in the contours give rise to the scattering in the constriction. The bottom of Fig. 9 shows the calculated conductance as a function of gate voltage associated with profiles like the ones represented in the top portion of Fig. 8 . According to Davies [ 1081, the 2-DEG effectively screens the potential fluctuations due to Coulombic impurities in the doped layer, but as the constriction in the 2-DEG becomes narrower with more negative gate voltage and the carrier density is reduced, the Fermi wavevector k~ becomes shorter, and the screening of the impurities in the doped layer by the electron gas becomes less effective [ 1031. While Fig. 9 successfully mimics the effects found experimentally, a smaller number of plateaus are found in the calculation of the conductance of the 0.2-pm long constriction than observed experimentally. The deterioration of the quantization of the conductance of a long constriction is supposed to be due predominately to the effect of small angle scattering on the highest indexed one-dimensional subbands [ 1091, or to indirect backscattering processes which develop from small angle forward scattering and coherent reflections that occur near modal cutoff in the bulges of the realistic potentials which describe a constriction [110] . The discrepancy between theory and experiment may be due to an overestimate of the small angle scattering rate [109].
IV. A PRIMITIVE INTEGRATED CIRCUIT
A. Scattering Through a T
The architecture of a conventional integrated circuit is based on the ability to fabricate, on one substrate, a large so that only 6 subbands are occupied, the two and three terminal resistances no longer coincide because of the discrepancy between the transmission coefficients which they measure. number of devices, and electrically interconnect them via a metallization layer according to the circuit requirements [16] . The devices are located near each other, but they must operate as discrete components. Therefore, electrical isolation of adjacent devices is mandatory. However, as the size of the device is scaled down, the effective electrical isolation becomes more difficult to achieve. Device interactions become intolerable because of capacitive coupling between lines, for example [ 11 11. Consequently, the predilection for designing an integrated circuit based on discrete devices may have to change.
The problem of electrical isolation is exacerbated in an integrated circuit that supports coherent transport because of electron tunneling and coherent scattering. We have already shown the long range, deleterious effect ionized defects can have on the quantized resistance of a single constriction. In the same way, the electric fields associated with another constriction in close proximity to the first can also have a deleterious effect on the quantization because the transport is coherent and resistance is nonlocal. Figure 5 shows two split-gate electrodes cascaded in series, but from another perspective it is also a micrograph of a primitive integrated circuit in which four one-dimensional constrictions intersect. Figure 10 shows the conductances G12,12, G12,13, and G13,13 measured in a circuit similar to that shown in Fig. 5 . The trace in Fig. lO(a) shows the dependence of G12,12 on the voltage applied to electrodes A-B, V,,, when the gate voltage on electrodes C-D constriction 2, V,,, is zero. The conductance is quantized in steps of 2e"h with an accuracy of 3%-5%. When a voltage is applied to electrodes C-D, instead of A-B, the conductance is quantized similarly. Under these circumstances, G12,12 = G13,13 = G12,13 because contacts 2 and 3 are practically identical. The traces of Fig. 10(b) were obtained by biasing the gate electrodes C-D of Fig. 5 at V,2 = 0.90 V and varying the potential V, , applied to A-B from 0.0 V to -1.7 V. In this particular circuit, the thresholds for the constrictions comprising the cross were such that constriction 4 in Fig. 5 did not conduct if V,l < -0.8 V for V, , < -0.8 V. Under these circumstances, the three terminal conductance, G12,13, is generally larger than G12,12, and both deviate substantially from the quantized values, except for low N . For N 5 2,G12,13 G12,12 % 2e2 N / h .
Following the developments of the Landauer formula made by Buttiker [76] , we can generalize the computation of the resistance to a multiterminal measurement to interpret the results of Fig. 10 . The current in constriction j is given by:
where T 3 k is the trace over the subbands, i.e., T3k = E,,,, t3k,mn with tjk,,, representing the probability for a carrier in subband n and constriction k to be transmitted to subband m in constriction j . The potential, v k , associated with a reservoir of chemical potential ,uk is given by From (6), we can obtain formulae for the three terminal or four terminal resistance by imposing a current, I, between two leads, requiring the net current in the other leads to vanish, and solving for the voltage difference. If we impose a current between leads 1 and 2 so that a positive current enters through lead 1 and exits through lead 2, then calculate the potential differences p1 -p3 and p 3 -p2, we find the conductances:
with D = T21T31 + T21T32 + T31T231 whereas the two terminal conductances associated with constrictions 1 and 2, and 1 and 3 are, respectively:
So, the two terminal conductance in the presence of one additional constriction generally differs from (I). The additional constriction scatters carriers according to the probabilities T13 and T32.
Using (7)-(lO), we can estimate the transmission coefficients directly from the data of Fig. 10(b) and (c). For example, near V,, = -1.6 V we find that Ti3 = 0.00 f 0.02, T21 = 1.98 f 0.02, and T 2 3 = 2.94 * 0.04: while near V, = -1.4 V we find that Ti3 = 0.6627f0.05. T2l = 5.0 * 0.05, and T23 = 1.82 f 0.05. Under the experimental conditions of Fig. 10(b) and (c), we deduce that T31 << T2l and T32 x 1.5 for low N although T31 increases and become comparable with 7'21 as N increases.
The observation that T31 << T21 for low N is general [40] .
From (8) we infer that the second constriction is practically a perfect conductor when N is small in the first constriction: i.e, G12.32 >> e2/h. Our measurements of the resistance of the second constriction show that R12,32 0 f 40R! The resistance of the second, series constriction vanishes because there is no contact resistance. There is no contact resistance because the first constriction focuses the electron wave on the second series constriction [112] . In addition, it is apparent from Fig. IO@ ) and (c) that the resistance of two series constrictions is not additive (391. For example, when Vgl = -1.6 V and V,, = 0 V. G12,12 = 2e2/h; when Vgl = 0 V and V,, = -1.2 V. G 1 2 , 1 2 % 6p2/h; but when Vgl = -1.6 V and Vg, = -1.2 V,G12,12 x 1.8e2/h which is greater than the sum of the two resistances.
It is implicit in the model by Glazman for a single constriction that the electron wave is focused. A wave propagating adiabatically along a variable-width guide conserves the mode number N . As the width of the guide narrows, the transverse energy increases while the longitudinal energy decreases continuously. When the wave abruptly encounters the end of the adiabatic taper, the transverse wavevector is now conserved (at least in the interval &r/Wf), and the wave is focused to a width 7rkWf [112] . The collimation or focusing of the electron wave in the forward direction can produce a vanishing resistance in the second construction and nonadditivity [I 121 . Because an electron wave in a low index subband in constriction 1 does not propagate around the bend into the voltage contact 3, constriction 3 does not scatter or couple to all modes in the same way and a nonequilibrium distribution of the current among the available momenta develops. Electrons propagate into constriction 1 from the 2-DEG, traverse constriction I, and subsequently are injected into the wide region of the junction, while conserving the transverse quantum state. So, there is a transfer of transverse momentum into the longitudinal momentum. The current injected from the two-dimensional contact, which was equally distributed between the one-dimensional modes of the constriction, reaches the wide junction between the three constrictions distributed only among the lowestenergy subbands of those allowed in the wider region of the junction provided there is no elastic or inelastic scattering. Ultimately, the junction widens abruptly so that the equipotential lines must turn through 90 degrees. From this point, the transverse momentum is conserved, not the number of occupied subbands, yielding a wave collimated in the forward direction [113] . The reluctance of a low N electron wave to propagate around a bend, measured by T31, is a manifestation of the collimation of the wave in the forward direction and the isolation of the perpendicular constriction for the current. The narrower the constriction is, the lower the index for the number of occupied subbands, and the more tightly focused in the forward direction the electron wave is [40] .
B. Scattering Through Two Intersecting Constrictions
One curious feature of the small probability for the low index N modes to propagate around a bend, and the nonequilibrium distribution of the carriers among the subbands in the junction which develops as a consequence of it, is a negative four terminal resistance of a bend [114] , [I151 and the suppression of the Hall effect observed in two intersection constrictions [ 1161 -[ 1181. The collimation of the electron wave due to the adiabatic taper of the constrictions is an important element of the explanation of these phenomenon, but it is a classical element, and does not represent the entire explanation. A classical ballistic model cannot adequately account for the four terminal resistances of two intersecting constrictions because it ignores the effects of quantization of the energy, and coherent scattering from the junction and impurities. The four terminal resistance of a bend in the current path through two intersecting constriction is especially illustrative of the predominate roles quantization, coherence, and impurities play in the resistance of a small device.
Following Buttiker [76], we can express the four terminal resistance in terms of transmission probabilities by using While there is not necessarily a direct correspondence between the two abscissae of Fig. 11 , we have used the correspondence between the magnetic field dependence of the Hall effect [119] to establish that the same range in subband index is covered by both Fig. 1 l(a) and Fig. 11( b) . The close correspondence between the numerical results of Fig. ll(a) and the experimental results of Fig. ll(b) is not coincidental, therefore. [120] -[ 1221, independent of the impurity configuration. In Fig. ll(a) , the threshold for occupations of the subbands in the constriction is indicated by the vertical dashed lines near the top of the figure. The effect of scattering from different impurity configurations is indicated by the error bars in the calculation. According to our interpretation, the deepest minima observed experimentally correspond to the thresholds for occupation of one-dimensional subbands too. The correspondence between Figs. ll(a) and (b), and the numerical calculations of the magnetoresistances R B ( H ) and R H ( H ) , and the temperature dependence support this contention [47] , [ 1191.
As the energy increases from a value just above threshold for the occupation of a subband to a value below the threshold for occupation of another subband, all of the modes become lower in energy and the Fermi-wavevector associated with each of the occupied modes becomes more forward-directed. Consequently, T21 increases relative to 7'31, and the resistance Rg becomes more negative. Globally, RE becomes less negative as the energy increases, however. The global change in RE occurs because the number of subbands increases.
The sharp minima in Rg in Fig. ll(a) are due to the quantum mechanical nature of the transport through the junction in the presence of impurity scattering. Figure 12 compares a classical (dotted line) and two quantum mechanical calculations (dashed and solid lines) of the resistance RB of a junction with hard walls [119] . The classical calculation of the resistance (dotted line) uses a Boltzmann transport equation assuming that the transport is ballistic without any quantization of the momenta, or phase coherent scattering from the junction or impurities. The injected particles have momenta that is distributed uniformly as a function of the angle. Each quantum calculation (dashed line and solid line) also assumes ballistic transport with phase coherent scattering from the junction but without scattering from impurities. One quantum mechanical calculation (dashed line) includes the quantization of the transverse mementa and phase coherent scattering from a junction made from hard walls with sharp corners, while the other quantum mechanical calculation uses hard walls with a more realistic graduated taper between the junction and each constriction. The importance of quantum mechanical reflections near the threshold for the occupation of a subband that develop from coherence is apparent from the dramatic differences between the classical and quantum mechanical calculations, especially for low N . As the number of subbands increases however, the differences between the results of the three calculations diminishes. The effect of a gradual taper is apparent when comparing the two quantum mechanical calculations. The minima in the resistance are sharper and the magnitude is larger when the constriction is tapered. The increase in the magnitude is indicative of the increased effectiveness of the collimation of the electron wave. The magnitude becomes so large that it is incongruent with the experiment results even though the potential is more realistic. The result shown in Fig. ll(a) is derived from a junction with a gradual taper to the constrictions including the effect of impurity scattering. The impurity scattering is so effective that the size of the elastic mean free path is comparable to the size of the junction in the numerical model. Impurity scattering diffuses the electron wave, reducing the focussing effect due to taper, and so reduces the amplitude of the fluctuations found in the resistance RB as a function of energy to a value comparable to that found experimentally. Thus a realistic numerical estimate of the resistance must include the effects of quantization, coherence, and impurity scattering.
The coherent transport between two constrictions in close proximity, and the nonequilibrium distribution of the current which results, has an important implication for device isolation: i.e., the current carried in the lowest subbands is not measured by the constrictions that are used as voltage leads transverse the direction of current. Consequently, a lead, that is electrically connected to the constriction that carries the current, is isolated from the current. The extent of the isolation is apparent in Fig. 13 which shows the magnetoresistances R B and R H . Near zero magnetic field, the magnetoresistance RB < 0 and RH zz 0 as we have already seen. However, for magnetic fields W 2 e H / h c >> 1, the two-dimensional aspects of the magnetoresistance are recovered, i.e., RB 2 0 and RH = h/4e2, because the current is carried by isolated edge states and the Hall effect is quantized [47] , [123] . Thus the change in the magnetoresistance in an indication of the isolation that can be achieved between intersecting one-dimensional wires. For example,IRB(H = O ) / R B ( H = 500mT)I % 50. The deviation of the Hall effect from the classical value can be this large also [118] , and is another indication of the isolation between two transverse wires. These observations imply that two electrical signals, that propagate transverse to each other in two intersecting wires, can intersect with small cross talk between signals because of the collimation of the electron wave in the forward direction, reminiscent of the negligible interaction between two intersecting beams of light. These observations represent a novel, unconventional means to isolate two wires.
V. SUMMARY
Although constant field scaling of the dimensions of a MOSFET requires a collateral reduction in the supply voltage, the subthreshold characteristics and the noise margin do not permit the supply voltage to decrease indefinitely. Furthermore, compatibility with existing 5 V power supplies is usually a requirement. Consequently, operating voltages larger than that dictated by scaling are generally used in a practical design, and so the electric field, F , increases as scaling decreases the size of a device. It may increase beyond lo5 V/cm to 106 V/cm [50] . The use of higher voltages and fields corresponds to an increase in power consumption per area and a degradation of reliability, however. Inevitably, power dissipation and reliability may compel us to operate at lower voltages. Ultimately these restrictions may lead to a low voltage (< 1 V), low temperature (T = 77 K) operation [124] , [125] .
The five energy scales that affect the operating temperature, and the quiescent voltage and current levels in a nanometer-scale device are: 1) the correlation energy, E, which is a measure of the sensitivity of the device to the boundaries, 2) t Z /~4 , the reciprocal coherent lifetime (or the thermal lifetime whichever is smaller), 3) the reciprocal of the electron lifetime (indicative of the elastic mean free path), 4) the charging energy associated with a single electron, and 5) AE, the one-dimensional intersubband energy. Usually, the two largest energies are A E and tZ/rc.
The temperature dependence of the quantization of the two terminal resistance of a submicron constriction indicates that the intersubband energy is only A E M 4 meV in a GaAs wire 100-nm wide. But, as the width of the constriction decreases, the intersubband energy changes dramatically. For example, we might expect to observe a quantized conductance at 77 K in a GaAs heterostructure in a constriction only 20-30 nm wide, since the intersubband energy is A E x 40 meV. Such a constriction could be fabricated in a 2-DEG with an electron density of n = 1.2 x 10l6 m-'. At these dimensions, not only do we expect impurity scattering to be inhibited, but optical phonon scattering, which occurs at 36 meV, may be suppressed, as well. The intersubband energy depends inversely on the effective mass, and so the same effects might be found in much wider wires in materials with lighter effective mass such as InP or InAs at 77 K. We do not expect to observe quantization effects at room temperature in a GaAs/Al,Gal-,As heterostructure, because the band offset (220 meV for z = 0.3) is too small relative to the required intersubband spacing A E x 100 meV. The intersubband energy determines the scale of the operating voltage and current consistent with one-dimensional quantization effects. We anticipate that a single constriction with one one-dimensional subband occupied could carry a coherent current of ( 2 e 2 / h ) x 10 mV x 1 FA in a single one-dimensional subband for voltages less than V z 10 mV. The Pauli exclusion principle forbids a higher current level. This voltage is much lower than the typical operating voltage which is practical for 100-nm scale FET's (1 V) [29] . Beyond 10 mV, the current is distributed between at least two subbands. Since the current associated with single subband operation of a single constriction is small, a one-dimensional constriction could not be used to charge or discharge a large capacitance unless many are used in parallel. The operation of 100 one-dimensional constrictions in parallel may be practical [87] , but it represents a large transistor with a channel L , f f > 200-500 nm long (to prevent a large evanescent current) and 2-5 bm wide, comparable to the size of a Le,, = 300 nm conventional FET.
The effect of electron coherence, measured by h/r+, may be more prevalent in scaled conventional FET's than one-dimensional quantization effects. For example, it has already been shown that coherent effects are important in 100-nm wide GaAs wires that are 2 pm long at 150 K [126] . However, electron coherence can be degraded by high electric [37], [127] and electromagnetic fields
[128]- [129] . Because of the large fields ( F > 10' V/cm) expected in a nanometer-scale FET, coherent (nonlocal) effects in the resistance should be restricted to the neighborhood of the source contact.
Our experimental observations of the resistance at very low fields ( F < 10' V/cm) and extremely low temperatures (7' < 300 mK) show the predominate roles quantization, coherence and impurity scattering have in primitive nanometer-scale electronics. Numerical calculations of the resistance corroborate this interpretation. However, the small effective mass of an electron in the conduction band of GaAs ( m * / r n M 0.07) relative to that in Si, and the low temperature, have been used to exaggerate the quantum mechanical aspects of the transport. Our results, obtained from constrictions 60-200-nm wide, have a few practical implications for low mobility devices at higher temperatures. In particular, a complete model of a
Si-MOSFET with a channel length of L , j j < 100 nm at T = 77 K should include quantum mechanical coherence effects at low field. But, only in devices on a scale of L M 10 nm can quantum mechanical contributions to the transport predominate and represent the limiting behavior in Si devices.
